A high surface area activated carbon was synthesized by potassium hydroxide (KOH) activation of Finger Citron residue. The pore structure of the as-synthesized activated carbon was characterized by nitrogen adsorption and its carbon dioxide (CO 2 ) sorption capacities at different conditions were measured under high pressure. The BET surface area and total pore volume of the as-synthesized sample were 2887 m 2 /g and 1.23 cm 3 /g, respectively. The dry sample exhibited a CO 2 adsorption capacity of 19.21 mmol/g at 276 K and 3.57 MPa. The CO 2 adsorption uptake increased considerably when an amount of water was pre-adsorbed onto the sample, possibly as a result of the formation of CO 2 hydrate in the pore spaces of the activated carbon. The maximum CO 2 adsorption capacity of the wet sample was found to be 29.02 mmol/g at 273 K and 3.57 MPa. Overall, the results reported confirm that Finger Citron residue could prove a promising precursor for high surface area activated carbon and point to the potential application of activated carbon made from Finger Citron residue in carbon capture and storage.
INTRODUCTION
Activated carbon is composed of assemblies of defective graphene layers which usually have an extremely large pore volume and surface area. This highly developed porosity makes activated carbon widely used for the purification of water and air and for the separation of gas mixtures (Marsh and Rodriguez-Reinoso 2006) . Due to its different applications, a means of producing activated carbon with specific properties such as surface area and pore-size distribution is needed. Currently, the challenge still remains as to how to accurately control the porous texture of activated carbon and lower the production costs.
To reduce the production costs, it is necessary to find low-cost precursors. There are varieties of carbonaceous materials such as coal Lozano-Castell et al. 2001) , wood (Carrott et al. 2006) , petroleum coke (Chunlan et al. 2005) , coconut shell (Laine et al. 1989 ), agricultural and industrial wastes (Dias et al. 2007; Mui et al. 2004 ) that are used to produce high surface area activated carbon. Among these precursors, agricultural wastes (Baquero et al. 2003; Chang et al. 2000; Sudaryanto et al. 2006; Yang and Lua 2003) have attracted quite a lot of interest due to their low cost, low economic value and abundance. Most agricultural wastes also have a low ash content and high fixed carbon, which make them good candidates for preparing high surface area activated carbon. In addition, the direct deposition of these agricultural wastes may cause serious environmental problems. Hence, the conversion of these wastes to activated carbon could not only reduce the preparation cost of activated carbon but also contribute to environmental protection.
Generally, two methods have been used for preparing activated carbons, i.e. physical activation (Cai et al. 2004; Gonzalez et al. 1997; Rodriguez-Reinoso et al. 1995) and chemical activation (Caturla et al. 1991; Jagtoyen and Derbyshire 1998; Lillo-Rodenas et al. 2001; Lozano-Castell et al. 2001) . Physical activation involves pyrolysis of the precursor followed by activation with gases such as carbon dioxide and steam. Chemical activation enables such pyrolysis to be undertaken at relatively low temperatures in the presence of an activating agent. Compared with physical activation, chemical activation has advantages such as low energy costs due to the low temperature used, high yield and improved porous structures. For example, activated carbons with surface areas greater than 2000 m 2 /g are prepared exclusively by chemical activation. Many chemicals have been used as activating agents, such as ZnCl 2 (Caturla et al. 1991) , H 3 PO 4 (Jagtoyen and Derbyshire 1998), NaOH KOH (Lozano-Castell et al. 2001; Otowa et al. 1993 ). Among these agents, KOH is the most effective and is widely used for the chemical activation of lignocellulosic materials, coals, charcoals and petroleum coke (Lu et al. 2005; Ganan et al. 2004; Lillo-Rodenas et al. 2007; Otowa et al. 1993; Stavropoulos 2005) .
Finger Citron is a tropical citron with fruit shaped like fingers, which mainly grows in the area of Zhejiang Province, P. R. China. Huge quantities of Finger Citron are produced each year with great economic, medical and ornamental values. Different kinds of drinks have been made by squeezing the juice out of Finger Citron fruit, which also produces a large amount of solid waste (Finger Citron residue) at the same time. These wastes are usually buried to avoid ignition when exposed to air. However, this may cause soil degradation. A safe way of recycling these wastes could be of great significance in contributing both to a decrease in the cost of waste disposal and reducing the risk of further environmental pollution.
High surface area carbons offer an attractive alternative for capturing CO 2 towards reducing greenhouse gas emissions because they are relatively easy to regenerate, inexpensive to prepare, not to mention that they are not as sensitive to water vapour as are other CO 2 -philic materials (Hu et al. 2011) . To date, a large amount of research efforts has been focused on developing new activated carbons as CO 2 adsorbents (Radosz et al. 2008; Sevilla and Fuertes 2011; Wahby et al. 2010; Siriwardane et al. 2001; Drage et al. 2009; Himeno et al. 2005) . Some recent studies have already shown that activated carbons have high CO 2 sorption capacities, indicating that they are promising adsorbents for reducing CO 2 emissions (Hu et al. 2011; Sevilla and Fuertes 2011; Wahby et al. 2010) . Thus, it is of interest to see if Finger Citron residue-based carbon could be useful in CO 2 capture. To achieve this goal, high surface area activated carbon was prepared for the first time in this study by KOH activation of Finger Citron residue. The CO 2 adsorption properties of the as-synthesized sample under high pressure at different conditions (dry and wet) were also investigated.
EXPERIMENTAL

Precursor
Finger Citron residue obtained from Zhejiang Golden Finger Citron Agriculture Development Ltd. was used as the raw material. It was dried, ground and sieved to particle sizes in the range 105-150 µm. Finger Citron residue was first carbonized in a nitrogen gas flow (40 m /min) at a temperature of 973 K for 40 min. The sample thereby obtained was then used as a precursor for the chemical activation process. The proximate and ultimate analyses of this precursor are listed in Table 1 overleaf. The analysis results show that the Finger Citron residue after carbonization had a high fixed carbon content and a low ash content, indicating that it could be used as a suitable precursor for the preparation of activated carbon.
Preparation of activated carbon
In a typical preparation, 2 g of precursor in the particle size range 105-150 µm was mixed with 10 g of KOH powder -hence, the mass ratio of KOH and Finger Citron precursor was 5:1 -and the resulting mixture placed into a horizontal pipe reactor (50 mm o.d.) for activation. The activation process employed was as follows. (i) Nitrogen gas was allowed to flow through the reactor at a rate of 40 m /min and maintained at this flow rate throughout the whole activation process. (ii) The temperature of the reactor was raised to the activation temperature (1123 K) at a heating rate of 1 K/min. (iii) The reactor was held at the activation temperature for 40 min. (iv) Finally, it was cooled down to room temperature. The samples thus obtained were washed with distilled water until the filtrate appeared neutral. The final product was obtained by heating these samples at 423 K under vacuum for 24 h. This sample was labelled as FCC.
Characterization
Porous texture characterization
The pore structure characteristics of the activated carbon were determined by nitrogen adsorption studies at 77 K employing a Micromeritics ASAP-2020 instrument. Prior to such studies, the carbon sample was degassed at 573 K at a pressure of 1 × 10 -3 Torr for a period of at least 12 h. The surface area was calculated by applying the Brunauer-Emmett-Teller (BET) method over the relative pressure range 0.05 < P/P 0 < 0.20. The total pore volume was obtained by converting the amount of nitrogen adsorbed at a relative pressure of 0.99 to the corresponding liquid nitrogen volume. The poresize distribution (PSD) was calculated employing the Density Functional Theory (DFT) method.
Measurements of CO 2 sorption isotherms under high pressure
The sorption isotherms of CO 2 on the dry and wet activated carbon samples under high pressure (up to 3.7 MPa) were obtained using the volumetric set-up shown schematically in Figure 1 overleaf. The CO 2 gas used in this study had a purity greater than 99.995%. The details of measurements and working principles of this set-up have been described previously (Bai et al. 2003; Zhou, L. et al. 2002 Zhou, L. et al. , 2010 Zhou, Y. et al. 2004 . The set-up was composed of a reference cell (left), an adsorption cell (right), valve C and connecting tubes between two cells. The reference cell was kept at a constant temperature (T r ), which was close to room temperature. The adsorption cell, where the dry or wet samples were located, was maintained in a cryostat at a temperature T d which was determined by the adsorption equilibrium temperature. The volume of the reference cell, V r , as determined by the titration method, included the volume of valve C and V t , i.e. the partial volume of the connecting tubes between the two cells. The volume of the adsorption cell, V d , was determined by helium measurements at temperature T r , the purity of the helium used being higher than 99.99%. The pressure was measured with a sensitivity of 0.05% for the full scale of 20 MPa. The temperature was kept constant in the range of 273-281 K with an accuracy of ± 0.1 K. The amount adsorbed was calculated from the p-V-T readings before and after opening valve C. Before all measurements, the materials were degassed under vacuum so that measurements could commence at zero pressure. To minimize the vaporization loss of water when measuring the CO 2 adsorption capacities, the wet sample was first cooled to 253 K during evacuation following which the temperature was raised to a specified value. Loss of water during experiments could be ignored because the total weight of the sample was virtually unchanged before and after isotherm measurements. The amount of CO 2 adsorbed in the wet carbon was expressed as the number of moles of CO 2 on a dry carbon basis, viz. mmol CO 2 /g dry activated carbon.
RESULTS AND DISCUSSION
Textural properties of the synthesized activated carbon
The nitrogen adsorption/desorption isotherm of FCC is shown in Figure 2 overleaf. From the figure, it is clear that the major uptake of nitrogen occurred at a relative pressure less than 0.4 and led to the formation of a plateau in the isotherm. The initial part of the isotherm represents micropore filling, while the plateau indicates multilayer adsorption on the external surface. The nitrogen desorption branch did not follow the adsorption branch completely, exhibiting hysteresis at a relative pressure in the range 0.4 < P/P 0 < 0.8. According to the IUPAC classification (Sing et al. 1985) , this sample exhibited Type I behaviour with a plateau at higher relative pressures. The appearance of hysteresis indicates that some levels of mesoporosity existed in this sample. The pore-size distribution (PSD) results provide further proof of this assumption. Thus, Figure 3 overleaf clearly shows that the porosity of this sample was composed of pores in the micropore/mesopore range (sizes between 1.5 nm and 4 nm). During the activation process, non-carbon elements and disorganized carbons on the surface were first eliminated, resulting in a coarse surface. Subsequent depth and width activations gave rise to porous structures. At relatively low temperatures, the predominant reaction was the formation of microporosity by depth activation ). On the other hand, at the higher activation temperatures, pore widening rather than the deepening of the pores was the dominant mechanism, resulting in pore enlargement and the formation of mesopores. The activation temperature employed for the sample depicted in Figure 3 was 1123 K; this corresponds to the high temperature range and thereby explains the existence of mesoporosity. The BET surface area and pore volume of this sample were 2887 m 2 /g and 1.23 cm 3 /g, respectively. This surface area and pore volume are comparable to the high values reported in the literature for activated carbons Otowa et al. 1993) , which suggest that the Finger Citron residue is a suitable and promising raw material for preparing high surface area activated carbon. 
Carbon dioxide sorption onto FCC containing different water contents
For such studies, the CO 2 adsorption capacity of the as-synthesized sample was investigated at high pressure under different conditions. First, the CO 2 adsorption isotherm onto the dry FCC was measured at 276 K and 3.57 MPa, respectively. The resulting isotherm is depicted in Figure 4 . From the results, it can be seen that the CO 2 adsorption capacity increased with increasing pressure, with the highest amount adsorbed being 19.21 mmol/g. This result is higher than that for most commercially available activated carbons reported previously in the literature (Siriwardane et al. 2001; Drage et al. 2009; Himeno et al. 2005) but much lower than MOF-177, which had a sorption capacity of 33.5 mmol/g at ambient temperature and 4.2 MPa (Millward and Yaghi 2005) . In an attempt to increase the CO 2 uptake ability, the adsorption capacity towards CO 2 of a wet sample was measured. This was studied since previous reports Wang et al. 2008 ) have shown that the formation of the CO 2 hydrate is possible in the pore spaces of a wet activated carbon, which greatly increases the adsorption capacity of the sample. In the present study, different amounts of water were pre-adsorbed onto the FCC before the CO 2 adsorption measurements. The resulting wet samples were labelled as "FCC" followed by the weight ratio of water to carbon. For example, FCC1.7 was a sample containing a pre-adsorbed 1.7 wt equiv. of water. The CO 2 adsorption isotherms of FCC1.3, FCC1.7 and FCC2.0 are depicted in Figure 4 . From the results, FCC1.7 had the highest adsorption capacity of all the wet samples, i.e. 28.52 mmol/g at 3.57 MPa. This value is almost 1.5-times that of the dry sample. It should also be noted that, in contrast to the adsorption isotherm on the dry sample, all the CO 2 isotherms on the wet samples exhibited an "S" shape with an inflection pressure at ca. 1.4 MPa. It is proposed that this pressure is the CO 2 hydration formation pressure; its value is consistent with the result reported previously in the literature . Before the inflection point, the extent of CO 2 adsorption in the wet samples was less than that in the dry sample. This can be explained by the fact that most of the surface of the activated carbon had been occupied by water molecules and thus the pore volume accessible for CO 2 physisorption was very limited. Even though it is well known that CO 2 can dissolve to some degree in water, it is apparent that this amount cannot compensate for the loss arising from blockage of the pores. However, compared with the data for methane adsorption onto wet samples (Zhou, L. et al. 2002 (Zhou, L. et al. , 2010 Zhou, Y. et al. 2004 , the amount of CO 2 adsorbed before the inflection point was much higher, probably as a consequence of the higher solubility of CO 2 in water relative to methane. Thus, the amounts of CO 2 adsorbed onto the wet samples mainly consist of two parts, viz. that involved in CO 2 hydration and that dissolved or adsorbed onto the wet surface. The synergic effects of these two factors determine the CO 2 adsorption capacities of the wet samples. In the series of samples examined in the present study, FCC1.7 showed the highest CO 2 uptake of all the samples due to the best synergic effects of these two factors. However, the optimum water/carbon ratio of wet samples really depends on the pore texture of the activated carbon. Further studies are needed to obtain a clear relationship between the optimum water/carbon ratio and the porous properties of activated carbon. Such studies were beyond the scope of the present study.
Carbon dioxide sorption onto FCC1.7 at different temperatures
To examine the effect of temperature, adsorption isotherms of CO 2 onto FCC1.7 were measured at 273 K, 279 K and 281 K, respectively. All the results, together with the isotherm at 276 K, are depicted in Figure 5 . All the isotherms show S-shape curves with an inflection pressure at ca. 1.05 MPa at 273 K, 1.40 MPa at 276 K, 1.85 MPa at 279 K and 2.25 MPa at 281 K, respectively. The CO 2 hydrate formation enthalpy of FCC was calculated from the Clausius-Clapeyron plot obtained from the inflection pressure at different temperatures as shown overleaf in Figure 6 . From the slope of plot, the enthalpy change was obtained as −60.54 kJ/mol, which is consistent with that reported previously for CO 2 hydrate formation in pure water (Graydon 2003) . This may be taken as confirmation that CO 2 hydrate is formed inside the pore spaces of the activated carbon. The highest CO 2 uptake (29.02 mmol/g) was found at 273 K. It should be noted that the CO 2 adsorption isotherm at 281 K only shows one inflection point for FCC1.7, whereas two inflection points were found in an isotherm measured under the same conditions in a previous study ). This could possibly be due to the different pore structures of the two samples. More studies are needed to verify this point. However, the high CO 2 adsorption capacity of the activated carbon makes it a promising sorbent in the application of carbon capture and storage.
CONCLUSIONS
In this study, a high surface area activated carbon has been prepared for the first time using Finger Citron residue as the precursor. The as-synthesized sample was characterized by nitrogen adsorption. The results showed that the BET surface area and total pore volume of the sample were 2887 m 2 /g and 1.23 cm 3 /g, respectively. This high surface area and pore volume are comparable to the highest values previously reported in the literature for activated carbons, thereby indicating that Finger Citron residue is a suitable and promising raw material for preparing high surface area activated carbons. The CO 2 adsorption capacities of the as-synthesized carbon were measured at high pressures under different conditions (dry and wet). The dry sample had a CO 2 adsorption capacity of 19.21 mmol/g at 276 K and 3.57 MPa. To increase the CO 2 adsorption uptake, some water was pre-adsorbed onto the sample when it was found that the CO 2 adsorption capacity of the wet samples showed an obvious increase relative to that of the dry sample. This could be due to the formation of CO 2 hydrate in the pore spaces of the activated carbon. The maximum CO 2 adsorption capacity of the wet samples was found to be 29.02 mmol/g at 273 K and 3.57 MPa. Overall, this work confirms that Finger Citron residue is a promising precursor for the generation of high surface area activated carbons and points to the potential application of such activated carbons in carbon capture and storage. 
